It has been postulated that gene function may influence the degree to which allele frequencies differ among populations. In order to evaluate this effect, genotypic data from resequencing studies of genes classified as cytokines, cytokine receptors, cell adhesion molecules, Toll-like receptors and coagulation proteins were analysed for genetic differentiation (F ST ) between population samples of European and African descent. F ST values did not differ statistically among functional groups when all polymorphic sites were included in the analyses. However, analysis based on nonsynonymous SNPs alone suggested weak heterogeneity among functional classes (P ¼ 0.0424). Particularly high levels of differentiation were shown by individual nonsynonymous SNPs at some genes, most notably ICAM1 and some Toll-like receptors. These genes interact directly with pathogens, and may therefore have been subject to geographically localised natural selection. Such loci warrant particular attention in studies of genetic disease risk and local adaptation to environmental conditions.
Introduction
Human populations from diverse geographical regions differ in the allele frequencies of many genetic variants. This interpopulation differentiation can be quantified using F ST , which measures the component of genetic variation which is between, rather than within, populations. While several methods exist to calculate this measure, depending on levels of polymorphism and different mutation models, the interpretation of the results is straightforward -an F ST value of 0.05 indicates that 5% of the observed variance is between (or among), rather than within, populations. F ST measures vary considerably in natural populations, depending on which genetic variant is used to perform the calculation. [1] [2] [3] [4] [5] [6] [7] One biological explanation for variation in F ST values is geographically localised natural selection. 8 If some populations are subject to selective forces that are absent in others, this may lead to, and amplify, different allele frequencies in diverse geographical areas. However, other phenomena, quite independent of natural selection, can also lead to heterogeneity in F ST measures. 9, 10 While population differentiation is of general interest, it has particular relevance for studies of genetic susceptibility to complex disease, especially in areas where previously differentiated populations form recent admixtures. In these cases, any attempt to associate genetic variation with disease susceptibility in a case-control setting may be hampered by inappropriately matched cases and controls, where any difference in allele frequencies may be due to ancestry, rather than actual genetic disease risk. In addition, many of the genes that are known to have been affected by natural selection are medically important and may have associated pathologies. Thus, knowledge of potential selection effects and geographical patterns of variation should be informative in studies of genetic disease risk, particularly where disease prevalence may vary among populations.
It has been hypothesised that the level of genetic differentiation among human populations for any given gene could, to some extent, be influenced by its biological function. F ST values among population samples of Ashkenazi, Sephardic and Arab Israelis showed that genes with a principal role in apoptosis or cleavage tended to have low F ST values, while genes which are more likely to be affected by environmental factors tended to exhibit higher levels of differentiation. 11 The authors suggested that the former should be prioritised as candidate genes for autoimmune disease, as they are less likely to be affected by population stratification. However, in a survey of population differentiation at over 30 genes, Garte 12 found no evidence that population genetic diversity is related to gene function and interaction with external factors. At the between-species level, analysis of human-chimpanzee-mouse orthologous gene trios has revealed that some functional classes of genes have undergone accelerated natural selection in the human lineage. Genes which had undergone accelerated evolution in humans were also more likely to be associated with Mendelian disorders. 13 The genes chosen for the present study (encoding cytokines, adhesion molecules, cytokine receptors and Toll-like receptors) were selected on the basis of relevance to innate and adaptive immunity, both of which are pertinent when considering these loci as candidate genes for susceptibility to immune-mediated disease and natural selection. In addition, several genes, which encode coagulation proteins were included for comparison. We aimed to compare levels of interpopulation differentiation in different classes of genes with diverse biological functions in publicy available resequencing data from African-and European-American populations (N ¼ 24 and 23 respectively). In addition, we aimed to identify immunologically important loci that showed high levels of differentiation, both as candidates for natural selection and disease association studies.
The availability of resequencing data from multiple populations in publicly accessible databases 14 18 showed that this average F ST approach can be used to determine levels of interpopulation differentiation from sequence data, particularly when recombination occurs between the markers along the sequence.
In an attempt to evaluate patterns of differentiation at functional polymorphic sites, a weighted average F ST was also calculated from nonsynonymous SNPs in each gene (F ST(ns) ). While many other sites (e.g. promoter polymorphisms) may be functionally important, very few of these have been functionally characterised to a sufficient extent to allow genome-wide comparison. For this reason, it was decided to focus on nonsynonymous SNPs, which have a greater potential for functional importance.
Results and discussion
Full resequencing data were analysed for 54 genes in which 4272 polymorphic sites were documented. Summary statistics are shown in Table 1 . Negative F ST values were recorded for a number of loci. These negative values reflect zero differentiation at these loci, and are due to the way F ST is estimated by Weir and Cockerham's method, which can produce negative values when levels of differentiation are close to zero and sample sizes are small. Genes were assigned to a functional class according to the Gene Ontology database. 19 Statistical comparisons of median F ST values among gene classes using the Kruskal-Wallis test 20 suggested that levels of differentiation do not differ significantly among functional gene classes when all polymorphic sites (F ST(tot) ) are included in the analysis (Table 2a) . However, when F ST values are calculated using only nonsynonymous SNPs (F ST(ns) ), weak heterogeneity in median F ST values is evident (Table 2b ). The range of values was narrow for the cytokine and cytokine receptor genes analysed, in comparison to the broader range of values exhibited by the adhesion molecules and, in particular, the Toll-like receptors, some of which showed extremely high levels of differentiation. Pairwise comparisons suggest that the heterogeneity is primarily due to the difference between the cytokine and adhesion classes, which differ statistically (Wilcoxon test, P ¼ 0.0101).
Three of the genes analysed (TLR7, TLR8 and F8), are present on the X chromosome, which is known to exhibit generally higher average F ST values, 2 and IL9R is present on both the X and Y chromosomes. Of these genes, only F8 shows a relatively high level of differentiation. In addition, if these four genes are removed from the analysis, there is stronger heterogeneity among gene classes (Kruskal-Wallis test, P ¼ 0.0129).
Natural selection, through interaction with the biotic environment, is one potential explanation for heterogeneous F ST measures among loci. The agents of this natural selection, such as parasites and pathogens, may differ considerably in their geographic distributions, so that any host population response to their presence may be local. This would result in elevated genetic differentiation among host populations that are subject to infection and those that are not.
Lewontin and Krakauer 8 first suggested that F ST may provide a means to identify loci that have been under the effect of geographically variable natural selection. The approach was, however, questioned on the grounds that many life history traits can lead to inflated F ST measures. 9, 10 Many predictions can be made from the neutral theory, which is commonly used as a null hypothesis for tests of selection, 21 and a high F ST value does not, in itself, indicate a statistical departure from the expectations of the neutral theory. Therefore, while a high level of differentiation may be indicative of directional selection in one population, but not the other, an explanation based on neutral expectation may also be possible. Nonetheless, F ST remains informative as a method of identifying loci with unusual levels of interpopulation differentiation, one potential cause of which is natural selection. 1, 3, 22 The effect of selection on F ST is potentially complex, varying according to the type of selection occurring. For example, it has been shown that local selection, due to the presence of the malarial parasite Plasmodium spp., has inflated population differentiation levels in the case of the Duffy locus. 23 However, purifying selection would have the effect of reducing F ST estimates, and there is some indication balancing selection may lead to a reduction, rather than an increase, in F ST . 24 In this light it is interesting that the range of F ST values calculated from nonsynonymous SNPs is noticeably narrower for the cytokine and cytokine receptor genes analysed, which is compatible with balancing and/or purifying selection at many of these loci (Tables 1 and 2) .
With the advent of high throughput laboratory methods and large data sets, the determination of F ST and related statistics such as R ST 25 has again been employed to screen whole genomes for indications of natural selection using SNP 2 and microsatellite loci. [4] [5] [6] While neutral explanations are still possible, this approach should allow the identification of outliers for further studies of natural selection using standard 21 or other more novel approaches. 26 Several genes show unusually high levels of differentiation, with individual F ST values for a number of nonsynonymous SNPs lying outside the 95% confidence intervals calculated from 1000 bootstrap replicates (Table 3) . These polymorphic sites exhibit levels of differentiation that are significantly higher than the average for the genes in question, and in some cases lead to radical amino-acid 27 substitutions in extracellular domains. Linkage disequilibrium would tend to increase F ST estimates at adjacent polymorphic sites, but this appears to have had relatively little effect on the remaining nonsynonymous SNPs at these genes. In fact, 16 between population samples of European and African descent using and GENETIX. 17 An average value (F ST(tot) ) was calculated from all polymorphic sites (tot), and 95% confidence intervals (95% CI) were calculated from 1000 bootstrap replicates. 17 A corresponding value (FST(ns)) was calculated from nonsynonymous SNPs (ns) only, and genes were classified as cytokines, adhesion molecules, coagulation proteins, cytokine receptors and Toll-like receptors.
average F ST values calculated from nonsynonymous SNPs, in the absence of these most differentiated variants, occur well within or below the 95% confidence intervals (Table 3) .
Among the genes exhibiting higher levels of differentiation, ICAM1 functions as a cell adhesion molecule and is also the receptor for rhinovirus. It has previously been suggested that the ICAM1-5566 (Kilifi) allele has been affected by localised natural selection. It is absent from European populations, but it is present at approximately 30% frequency in African populations. Paradoxically, this allele predisposes to cerebral malaria. That a variant which predisposes to such a debilitating condition should be present at high frequency in an area where the pathogen is endemic suggests that some other, hitherto unidentified, selective agent must be involved. 28, 29 Toll-like receptors are key elements of the innate immune response. The effect of weak purifying selection, where most mutations affecting the protein structure are mildly deleterious, has been demonstrated for TLR4. 30 The F ST analyses presented here suggest that any effect of natural selection on TLR1, TLR3 and TLR6 may be localised geographically. That these genes, which react to ubiquitous pathogen-associated molecular patterns, could be affected by pathogens of restricted geographical distribution is intriguing. In the absence of direct knowledge of any interaction with a selective agent, no firm conclusion can be drawn. However, it has been noted that genetic diversity in pathogens and their hosts may coevolve, so that genetic diversity in one affects the other. 31 Thus, pathogens can develop mechanisms to evade destruction by their host, which may involve the targeting of specific gene products. For example Chlamydia trachomatis produces a protease-like factor that degrades the transcription factors USF1 and RFX5, leading to the suppression of the host's immune response. 32 It is thus conceivable that genetic variation in pathogens favour the evolution, on a regional basis, of genetic diversity in pathogen recognition genes of their hosts.
As noted, many of the genes that have been affected by natural selection are medically important (G6PD, 26 
LCT
33 ). However, the connection between the pathology and the selective agent may not be immediately apparent. For example, a variant of STAT4 which increases susceptibility to asthma is associated with decreased parasite load of Ascaris roundworms. 34 Thus, a researcher undertaking analysis of a gene's relevance in a particular pathology may be unaware that the same gene has been affected by the presence of a pathogen in some geographical areas. Nonetheless, the magnitude of any effect can be evaluated on an ad hoc basis from resequencing data, even though the selective agent may remain unknown.
In conclusion, the analyses presented here suggest that gene function may influence the degree of interpopulation divergence shown by some immunologically important genetic loci, particularly those which interact with pathogens. Elevated interpopulation differentiation (F ST ) may provide an indication of the action of selection at some Toll-like receptors and ICAM1. Some of these may have inflated F ST due to selection, but population demographic processes in the absence of selection may also play a role. However, it is interesting that the highest levels of differentiation observed here were for loci with known roles in host-pathogen recognition. Score sum records the sum of the rank score for each level. Score mean records the mean rank score for each level, and the standardised score is (Mean-Mean0)/Std0, where Mean0 and Std0 are the mean score and standard deviation expected under the null hypothesis of no heterogeneity among groups. Substitutions are described as conservative, weakly conservative or radical based on clustalW groups. 27 Average F ST * values calculated for nonsynonymous substitutions at these genes, in the absence of these outliers (TLR1-9206 and 10268, TLR3-22793 etc), fall within or below the 95% CI. The domain location of the variant in question is given as extracellular or cytoplasmic.
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